Introduction {#s1}
============

There is long standing interest in prognostic determinants for cancer outside standard pathology. The earliest attempts focused on chromosomal abnormalities and evaluation of the proliferative state of the cancer cells. By the 1980's this evolved into more systematic evaluations regarding ploidy and S phase (proliferative faction), enabled by high-throughput flow cytometry. Initially, the greatest utility was in breast cancer where results were used to assess the need for cytotoxic therapy \[[@R01], [@R02]\]. Although ploidy and S phase were investigated in prostate cancer, it was never clear as to whether they added any prognostic information. Although some large studies were done, they were hampered by disparate groups of patients with follow-up too short to determine whether they were predictive of survival.

We had previously evaluated a large cohort of patients for risk of failure after radical prostatectomy and found that pathologic stage, Gleason score, and pre-treatment PSA all influenced the risk of recurrence \[[@R03]\]. A subgroup of those patients also had ploidy and S-phase determined and we now have the opportunity to determine whether those findings and any additional prognostic information for cancer recurrence and survival on long-term follow-up.

Materials and Methods {#s2}
=====================

With approval of the local institutional review board (IRB), we performed a search of the pathology records from 1987 - 1995 for radical prostatectomy patients that had flow cytometry for S phase and ploidy performed at the time of surgery. There was no predetermined criterion at the time, flow cytometry was being routinely performed in breast cancer patients and it was thought it might also be helpful in prostate cancer patients. We were able to identify 127 patients. Patient characteristics are shown in [Table 1](#T1){ref-type="table"}. The pathological findings of extracapsular extension, seminal vesicle involvement, margin involvement, lymph node involvement and Gleason score were recorded. Gleason grade and score was reviewed and updated as per contemporary guidelines \[[@R04]\]. We determined the follow-up of all the patients through October 2017.

###### Patient Characteristics

                       Number   Mean         Med          Range
  -------------------- -------- ------------ ------------ ------------
  Age at surgery       127      66 yrs       67 yrs       47 - 83
  Preoperative PSA     121      10.4 ng/mL   10.3 ng/mL   1.4 - 54.6
  S phase              106      8.2%         6.6%         0.8 - 33.0
  Gleason                                                 
    \< 7               59                                 
    7                  59                                 
    \> 7               9                                  
  Ploidy                                                  
  Diploid              107                                
  Aneuploid            20                                 
  Pathology findings                                      
    LN+                10                                 
    SV+                21                                 
    EPE+               38                                 
    Mar+               30                                 

LN: lymph nodes; SV: seminal vesicles; EPE: extraprostatic extension; Mar: margins.

Flow cytometry for ploidy and S phase of the cancer was performed at the time of prostatectomy pathological evaluation after the tissue was paraffin embedded. The tissue was sectioned with portions containing cancer deparaffinized and then digested in a pepsin solution to separate the cells producing a single cell suspension. They were then prepared using proteinase K and then treated with RNAse. The cells that were stained with propidium iodide were then analyzed on the flow cytometer (fluorescence activated cell sorter, Becton Dickinson, Sunnyvale, California) which utilized a 5 W argon laser at a 514 nm wavelength. Histograms of 10,000 nuclei were recorded and evaluated for cell cycle. The three largest peaks were recorded; the diploid G0/G1 peak (DNA index of 1.00 - 1.10), the tetraploid G2 (DNA index 1.9 - 2.1) peak and the third peak designated as aneuploidy (DNA index \< 1.00 or \> 1.10). Since there were only two tetraploid tumors, those patients were combined with the aneuploid patients. The S phase analysis was calculated using the CEllFIT program of the scanner for the diploid tumors. In analysis, the median S phase for our patients was used as no significant level could be identified.

Statistical methods {#s2a}
-------------------

The trend of proportion of ploidy status and S phase across Gleason score was analyzed by Mantel-Haenszel Chi-square test. For the association of ploidy status and S phase with PSA was analyzed by Chi-Square test. If there is at least one cell that expected count less than 5, Fisher's exact test will be performed. For the relationship of each prognostic factor, Mantel-Haenszel Chi-square test and Chi-square test were used to test the association. If there is at least one cell that expected count less than 5, Fisher's exact test was performed. P values less than 0.05 were considered to indicate statistical significance.

Time to death caused by prostate cancer was analyzed by a Cox proportional hazards model, adjusted by baseline PSA value, total Gleason score, EPE, lymph nodes, margin, diploid, S phase, and SV. Only total Gleason score was statistical significant; P = 0.0023 at full model and P = 0.0003 after a forward model selection. The model based hazards ratio were determined for Gleason = 7 vs. Gleason \< 7 and Gleason \> 7 vs. Gleason \< 7. The assumption of Cox proportional hazard model was checked by graphical output and resample procedure.

Results {#s3}
=======

Mean follow-up was 13.0 years (median 12.3 years) overall and 15.1 years (median 13.1 years) for survivors. The median age of the patients was 67 years at the time of surgery. Median preoperative PSA was 10.4 ng/mL and 107 (84%) had diploid and 20 (16%) had non-diploid (aneuploid) cancers. The mean and median S phase in the diploid tumors was 8.2% and 6.6% respectively ([Table 1](#T1){ref-type="table"}).

There was no correlation of ploidy (P = 0.472) or S phase less than or greater than the median (6.6%) (P = 0.682) with preoperative PSA (less or greater than 10 ng/mL). There was also no association of ploidy (P = 0.348) or S phase (P = 0.483) with Gleason score (\< 7 vs. 7 vs. \> 7) ([Table 2](#T2){ref-type="table"}).

###### Association of Ploidy and S Phase With Gleason Score and PSA

                    Gleason \< 7 (%)   Gleason 7 (%)   Gleason \> 7 (%)   P value    PSA \< 10 (%)   PSA \> 10 (%)   P value
  ----------------- ------------------ --------------- ------------------ ---------- --------------- --------------- ----------
  Diploid           51 (48%)           47 (44%)        9 (8%)             0.348^¶^   78 (73%)        29 (27%)        0.472^£^
  Non-diploid       8 (40%)            12 (60%)        0                             13 (65%)        7 (35%)         
  S phase \< 6.6%   37 (50%)           31(42%)         6 (8%)             0.483^¶^   52 (70%)        22 (30%)        0.682^±^
  S phase \> 6.6%   22 (42%)           28 (53%)        3 (6%)                        39 (74%)        14 (26%)        

^¶^P-value was calculated by Mantel-Haenszel Chi-square test. ^£^P-value was calculated by Fisher' exact Chi-square test. ^±^P-value was calculated by Pearson Chi-square test.

On univariate analysis, we evaluated each distinct pathological factor for outcome on biochemical failure and prostate cancer death ([Table 3](#T3){ref-type="table"}). The presence of extraprostatic extension (EPE), margin positivity, seminal vesicle involvement, lymph node involvement, high Gleason score and PSA \> 10 ng/mL were all predictive of biochemical failure. Ploidy and S phase were not. On multivariate analysis, EPE (P = 0.004), Gleason score (P = 0.0365) and PSA (P = 0.0012) remained significant. For prostate cancer death, only Gleason score was predictive (P = 0.0023) on univariate and multivariate analysis ([Table 3](#T3){ref-type="table"}).

###### Biochemical Failure Based on Each Factor

  Biochemical failure^£^   PC death^¶^                          
  ------------------------ ------------- ---- ----- ----------- --------
  Diploid                  107           51   48%   0.8266      0.1709
  Non diploid              20            9    45%               
  S phase ≤ 6.6%           74            30   41%   0.0738      0.8400
  S phase \> 6.6%          53            30   57%               
  EPE+                     38            28   74%   \< 0.0001   0.0749
  EPE-                     88            31   35%               
  Mar+                     30            21   70%   0.0036      0.3868
  Mar-                     96            38   40%               
  SV+                      21            15   71%   0.0167      0.2033
  SV-                      105           44   42%               
  LN+                      10            9    90%   0.0063      0.6428
  LN-                      117           51   44%               
  Gleason \< 7             59            19   32%   0.0008      0.0023
  Gleason 7                59            33   56%               
  Gleason \> 7             9             8    89%               
  PSA \< 10                91            34   37%   0.0004      0.5478
  PSA \> 10                36            26   72%               

^£^P-values were calculated by Pearson Chi-square test or Mantel-Haenszel Chi-square test. When at least one cell that expected count less than 5, Fisher's exact test was implemented. ^¶^PC death is the death caused by prostate cancer. P values were calculated with the use of Cox proportional-hazards models.

Discussion {#s4}
==========

In the last 20 years, the pathologic risk factors for recurrence after prostatectomy are fairly well established, consisting of Gleason score, PSA level, extraprostatic extension, seminal vesicle involvement, lymph node metastases and positive margins \[[@R05]\]. These factors have been evaluated and confirmed in nomograms with a 0.79 concordance across groups \[[@R06]\].

In our current analysis, PSA, Gleason score and EPE remained predictive of failure, but only Gleason score was prognostic for prostate cancer death. Percent S phase and ploidy were not predictive of failure or death. Our hope that S phase and ploidy would add additional prognostic information was unrealized.

The interest in ploidy analysis stems from the obvious departure from normal for non-diploid cells. The idea is that this apparent genetic instability could be mechanistic in the malignant state. Indeed, in risk assessment, it is widely observed that aneuploidy predicts for a worse prognosis. This has been studied most extensively in breast cancer \[[@R01], [@R02]\]. In prostate cancer, the reported distribution of chromosome number is fairly broad, usually ranging from 63-83% diploid \[[@R07]-[@R10]\]. It has been reported as low as 43% and 50% \[[@R11], [@R12]\]. Our findings (84%) were at the higher end. When reported separately (it is usually classified as aneuploid), tetraploidy usually occurs less than 10% of the time, but some studies report an incidence of 10-20% \[[@R08], [@R10], [@R11], [@R13]\]. The wide range of findings is likely a reflection of different patient populations and techniques. Some studies were done with core needle biopsies and some with tissue from prostatectomy. It is this very lack of uniformity and consistency which has hampered the widespread adoption of ploidy as a prognostic factor \[[@R01], [@R02]\].

Specific to our patients, a recent review \[[@R14]\] cited numerous studies with varying risk factors showing aneuploid tumors had a worse outcome after radical prostatectomy than diploid tumors, although is not confirmed by everyone \[[@R12]\]. Most of those studies were evaluating patients with the addition of androgen ablation or radiation. In the largest reported prostatectomy study \[[@R10]\], aneuploid cancers had a 24% decrement in 5-year PSA failure free survival in patients with pathological organ confined disease. In the other large prostatectomy study of patients from the same institution that only had pT3 disease \[[@R15]\], 49% were non-diploid and had a higher risk of recurrence, but effect on survival was not reported. In our series, which was not limited to specific pathological subgroups, aneuploidy occurred 16% of the time, but was not predictive for biochemical failure or prostate cancer specific survival. It may be that the best use of ploidy is in patients from specifically defined pathologic subgroups. We did not have enough patients to look at that specifically, but in multivariate analysis, the pathologic features remained a stronger predictor of failure.

In addition to ploidy, it has been long considered that one of the hall marks of cancer is a high proliferative rate. S phase is thought to be indicative of the proliferative rate as that is where active DNA replication is ongoing in preparation for mitosis. With the development of flow cytometry, large number of cells can be analyzed. In cells with an abnormal chromosome number (aneuploid), multiple cell populations (and hence S phases) are present which complicates S phase determination \[[@R16]\]. Given that those cells already have the negative connotation of being morphologically abnormal, we measured S only in the diploid cells. The use of S phase has been widely studied in breast cancer and has clear prognostic implications. Although often associated with higher grade cancer, on multivariate analysis, high S phase (generally considered at \> 6%) has been found to be a marker for decreased disease free and overall survival. As with the determination of ploidy, the widespread adoption of S phase is hampered by the lack of uniformity in testing so that results are not readily comparable across institutions \[[@R01], [@R02]\]. In prostate cancer, there are relatively few studies reporting on the influence of S phase on outcome. In one of the larger series (322 patients) of patients after radical prostatectomy, the mean and median S phase were relatively low at 3.1% and 2.0%, respectively \[[@R13]\]. Higher Gleason scores were associated with higher S phase, which has been reported by others, but not in our series. They didn't report outcomes and there is a paucity of studies of prostatectomy patients looking at the influence of S phase on outcome. In one study of 55 patients \[[@R17]\], S phase over 14% was predictive for biochemical failure (\> 50% vs. 0 for \<14%). We didn't see that difference, perhaps because our cohort was larger and included a wider range of patients with other competing risk factors. It may well be that the best utility of S phase may be in patients with lower risk with conventional parameters.

As noted, there are fairly well established prognostic factors for failure after prostatectomy for prostate cancer \[[@R05]\]. There is great interest in improving the specificity and early on, ploidy and S phase looked promising. The lack of consistency in patient selection and techniques has hampered further development. This is true with a large number of promising potential prognostic markers \[[@R18]\]. Without an established pathway for developing and confirming the benefit of new markers, we will be left to industry to so. This has occurred with the development of the Prolaris®, Oncotype DX® and Decipher® molecular panels. For now, ploidy and S phase will become a historical footnote.
